The central area (40 ×40 ) of the bipolar nebula S106 was mapped in the [O I] line at 63.2 µm (4.74 THz) with high angular (6 ) and spectral (0.24 MHz) resolution, using the GREAT heterodyne receiver on board SOFIA. The spatial and spectral emission distribution of [O I] is compared to emission in the CO 16→15, [C II] 158 µm, and CO 11→10 lines, mm-molecular lines, and continuum. The [O I] emission is composed of several velocity components in the range from -30 km s −1 to 25 km s −1 . The high-velocity blue-and redshifted emission (v=-30 to -9 km s −1 and 8 to 25 km s −1 ) can be explained as arising from accelerated photodissociated gas associated with a dark lane close to the massive binary system S106 IR, and from shocks caused by the stellar wind and/or a diskenvelope interaction. At velocities from -9 to -4 km s −1 and from 0.5 to 8 km s −1 line wings are observed in most of the lines that we attribute to cooling in photodissociation regions (PDRs) created by the ionizing radiation impinging on the cavity walls. The velocity range from -4 to 0.5 km s 6 cm −3 ) only for the gas component seen at high blue-and red velocities. We thus confirm the scenario found in other studies that the emission of these lines can be explained by a two-phase PDR, but attribute the high-density gas to the high-velocity component only. The dark lane has a mass of ∼275 M and shows a velocity difference of ∼1.4 km s −1 along its projected length of ∼1 pc, determined from H 13 CO + 1→0 mapping. Its nature depends on the geometry and can be interpreted as a massive accretion flow (infall rate of ∼2.5 10 −4 M /yr), or the remains of it, linked to S106 IR/FIR. The most likely explanation is that the binary system is at a stage of its evolution where gas accretion is counteracted by the stellar winds and radiation, leading to the very complex observed spatial and kinematic emission distribution of the various tracers.
Introduction
Massive star formation Massive stars form by accretion of mass in one of three ways: the core accretion model similar to low-mass stars via a prominent disk (McKee & Tan 2002) , the competitive accretion scenario in a clustered environment with a very small accretion disk (Bonnell 2007; Bate 2012) , or the fragmentation-induced starvation view (Peters et al. 2011 ) by fragmentation from gravitational instability in dense accretion flows. Only the second and third scenarios straightforwardly explain why massive stars often form in multiple systems and are found preferentially at the centre of stellar clusters . Regardless of the scenario, what is known so far about how the different stages can be observationally traced, in particular with regard to the farinfrared (FIR), can be summarized as follows (see also Tan et al. 2014 ):
Pre-stellar phase: Massive dense clumps (masses from a few tens to a few thousands of M , size ∼1 pc, density n≥10 6 cm −3 , temperature T∼15 K) are the locations where high-mass stars form (e.g. Beuther 2002; Tan et al. 2013; Motte et al. 2007) . They often show subfragmentation into several smaller cores, i.e. preand protostellar objects, of size scale 0.1 pc (e.g. , but there are also examples for isolated massive cores (e.g. Duarte-Cabral et al. 2013; Csengeri et al. 2017) . Observationally, these cold dense clumps and cores are best traced by dust emission and molecular lines (such as N 2 H + ) in the mm and sub-mm wavelength range. In contrast, molecular line emission in the FIR is not observed in the cold dense gas phase because the energy levels of rotational transitions are too high. Only light Article number, page 1 of 24 arXiv:1806.00991v1 [astro-ph.GA] 4 Jun 2018 A&A proofs: manuscript no. s106_OI_final_02062018_32508 Fig. 1 . Near-IR image (filters at J (1.25 µm), H (1.65 µm), and K (2.15 µm)) of S106 taken with Subaru (Oasa et al. 2006) , outlining the bipolar emission nebula, with contours of velocity integrated (-30 to 25 km s −1 ) [O I] emission (136 to 456 K km s −1 in steps of 64 K km s −1 ). The area mapped with SOFIA in [O I] and CO 16→15 emission is indicated with a white polygon. The star indicates the position of the S106 IR binary system and the triangle the position of the young stellar object (YSO) S106 FIR.
hydrides such as CH + , CH, NH, OH, etc., can be seen in more diffuse gas. Molecular lines with lower excitation than the background continuum temperature can be observed in absorption. A good example is NH 3 with its transitions from non-metastable to metastable levels, which have low excitation temperatures. For example, Wyrowski et al. (2012) successfully observed the 1.8 THz NH 3 line in absorption in high-mass star-forming clumps.
Protostellar/stellar phase: Massive protostars contract so quickly that there is virtually no pre-main sequence stage. Hydrogen burning starts almost instantaneously, and they are main sequence objects while still accreting. However, no well-defined Keplerian disk has been detected yet, only disk-like structures on size scales smaller than 2000 AU (e.g. Beltran et al. 2011; Sanchez-Monge et al. 2013) . The envelope-disk interaction leads to an atomic jet of at least partly ionized gas orthogonal to the disk, which can then drive a molecular outflow (e.g. Kuiper et al. 2011) . For low-mass protostars and massive protostars in the core accretion model the bipolar radio jet and molecular outflow are well collimated with a time-dependent activity and opening angle (Bontemps et al. 1996) . For massive protostars in the competitive accretion scenario, the jet/outflow is often poorly collimated. Surrounding lower-mass protostars can cause multiple overlapping, randomly aligned outflows so that the overall outflow pattern can be rather complex (Hunter et al. 2008) . A gas distribution with a highly fragmented and filamentary structure is predicted in the fragmentation-induced starvation scenario where the dense accretion flows should be directly observable. Radiative heating leads to a higher Jeans mass so that fewer but more massive stars form (Peters et al. 2010a) .
Generally, outflows from massive protostars are more massive and energetic (Beuther 2002; Duarte-Cabral et al. 2013 ) than those from low-mass protostars. Extreme UV photons (EUV, energy >13.6 eV) lead to ionization of the protostellar outflows and create an outflow-confined H II region. One class of such H II regions are those with a morphology of an hourglass shaped parsec-scale bipolar nebula such as S106. Another example is associated with the evolved star MWC349A (Gvaramadze & Menten 2012) which in addition shows a subparsec (sub-pc) nebula that is explained as being due to a biconical outflow of ionized gas pinched at the waist by a small disk seen edge-on (Cohen et al. 1985) . Typical of many bipolar nebulae is also a belt of dense cold gas in the equatorial plane of the nebula (Gvaramadze et al. 2010 ). Though it is commonly accepted that a disk oriented perpendicular to the symmetry axis of the H II region plays a crucial role in shaping the small-scale nebula/H II region and the large-scale bipolar nebula, it is not clear how this process works in detail. In addition, the nature of the dense gas structure in the nebula waist, where the existing star or stars are embedded, is not clear. It might be the remains of an accretion flow, as was shown in numerical simulations (Peters et al. 2010a) , or the result of a shock that leads to an expansion and ultimately the dispersal of the belt (Gvaramadze & Menten 2012) .
The earliest stages of hyper-compact, ultra-compact, and compact H II regions are sometimes difficult to identify because the massive protostar is deeply embedded in dense gas, and even cm-emission can become optically thick. Ionized collimated jets have been seen in radio continuum for some massive protostars (e.g. Gibb et al. 2003; Guzman et al. 2014) . At the stage when a larger cavity is blown out, entrained gas can also arise from the ablation of gas at the cavity borders to the surrounding molecular cloud, caused by the stellar wind. Generally, as soon as the massive star reaches the main sequence, all forms of radiative feedback (thermal heating, ionization, radiation pressure on dust) and mechanical feedback (stellar winds from the stellar surface, protostellar winds/outflows from the magneto-centrifugally driven flows powered by accretion) become important. Observationally, it is challenging to disentangle the different processes and to establish an evolutionary sequence for the protostellar phase because it is short (a few 10 3 yr, Duarte-Cabral et al. 2013 ) and because of the small number of objects to study. An additional complication is that most massive stars form as binary or multiple systems, so that the observed jet and outflow patterns are even more complex and depend on the properties of each system.
It is the objective of this study and follow-up studies on the star-forming region S106 to identify and potentially better characterize these detailed phases by combining the spatial, velocity, and intensity information of atomic and molecular line observations and continuum from the mm to the FIR. In this first paper we focus on interpreting the [O I] 63 µm emission observed in the immediate environment of the exciting source S106 IR (see below) in the framework of a photodissociation N. Schneider et al.: Anatomy of the massive star-forming region S106 Fig. 2 . Schematic view of the S106 region as seen on the sky. The nebula is tilted ≈25
• to the east in the plane of the sky; the northern lobe, which is more obscured by foreground gas and dust, is inclined (≈15
• ) away from the observer. The southern lobe is inclined towards the observer and lacks the front side. The bipolar nebula and the H II region are embedded in an extended molecular cloud. region (PDR). A possible shock origin of the [O I] emission will be discussed and modelled in a subsequent paper, followed by a study of the large-scale structure of the bipolar nebula using [C II] 158 µm SOFIA data.
S106
The bipolar H II region S106 in Cygnus X is an enigmatic object that has received considerable attention owing to its eye-catching appearance. Its distance was estimated to be 1.7 kpc (Schneider et al. 2007 ) and then determined with maser parallax measurements to be 1.3±0.1 kpc (Xu et al. 2013 ). In the recent Gaia DR2 catalogue, the distance is derived from the trigonometric parallax to be 1.671 kpc (+738 pc, -392 pc). In this paper, we use a value of 1.3 kp. S106 IR was always thought to be a single late O to early B star (see Hodapp & Schneider 2008 for a summary). However, recent observations (Comerón et al. 2018) show that it is a close (separation <0.2 AU), massive binary system, most likely consisting of a late O and a late B star, being responsible for the bipolar emission nebula (Fig. 1) . Hereafter, we refer to this binary system as S106 IR. A small (only slightly larger than the beam of ∼30 mas), edge-on disk-like feature around the two stars was discovered by cm-interferometry (Hoare & Muxlow 1996; Gibb & Hoare 2007) , but its exact evolutionary status is not clear (Adams et al. 2015) . The system already shows signatures of main sequence stars, emitting copiously in the UV (where the O star dominates) and driving an ionized wind with a velocity of 100-200 km s −1 (Bally et al. 1983; Simon & Fischer 1982) into the bipolar cavity. Associated with this system is an IR cluster with more than 160 members (Hodapp & Rayner 1991) . The centroid of the cluster lies about 30 west and 15 north of S106 IR and is symmetrically distributed about this location. Figure 2 shows a cartoon of S106 with its known features and those observed to date. The two lobes of the H II region are inclined with respect to a vertical north-south axis. In addition, the northern (southern) lobe is tilted away from (towards) the observer (Solf & Carsenty 1982) . A large portion of the front part of the southern cavity facing the observer has been eroded so that the backside of the cavity is visible in the optical and IR. The northern lobe is obscured by foreground gas and dust. The strongest nebular emission in the optical and near-IR arises from the shell-like structures that represent the ionization front and from the limb-brightened edges of the cavity walls. Highvelocity emission of the [C II] 158 µm fine structure line and high-J CO lines (Simon et al. 2012 ) was interpreted as arising from swept-up material at the front and back sides of the expanding wind-driven cavity.
Another prominent feature related to S106 is a dark lane dividing the two lobes (indicated in dark blue in the cartoon) and lying apparently in front of S106 IR. It was initially interpreted as the shadow of a large-scale disk (Bally et al. 1983; Bieging 1984) , but dust continuum observations (Vallée & Fiege 2005; Motte et al. 2007; Simon et al. 2012; Adams et al. 2015) revealed it to be an elongated high column-density feature associated with the extended molecular cloud (Schneider et al. 2007 ). Dust observations also show strong emission ≈15 west of S106 IR, coinciding with two clusters of H 2 O masers (Stutzki et al. 1982; Furuya et al. 1999 ). The dust peak was named S106 FIR by Richer et al. (1993) , and interpreted as a Class 0 young stellar object (YSO). The molecular gas close to S106 IR is highly clumped (Schneider et al. 2002 ) and a number of authors interpreted their observations of ionic and fine-structure lines (van den Ancker et al. 2000; Schneider et al. 2003; Simon et al. 2012; Stock et al. 2015) as arising from photodissociation regions (PDRs) on the surfaces of these individual clumps around S106 IR. However, most of the studies of the FIR fine-structure cooling lines of S106 were hampered because only line integrated fluxes were observed and used for PDR modelling. Here we take a different approach in that we benefit from the unprecedented velocity resolution of the German REceiver for Astronomy at Terahertz frequencies (GREAT) on board the Stratospheric Observatory for Far-Infrared Astronomy (SOFIA), and apply PDR modelling to line ratios in different velocity ranges so that we can determine more precisely the density and radiation field in individual portions of the gas.
In addition to getting a better understanding of the nature of the S106 star-forming complex itself, one of the objectives of this paper is putting our results into a larger context of how massive stars form and evolve. The paper is structured as follows. Section 2 gives observational details and Sect. 3 outlines how we realize the PDR modelling. In Sect. 4, we present maps of the observed lines and give results of PDR modelling. In Sect. 5, we develop a physical model of the S106 region and put the findings into a larger context of massive star formation. Section 6 summarizes the results of the paper. (16384 spectrometer channels).
Observations
Beam-switched on-the-fly maps with a scan length of 90 , a step size of 3 , and a dump time of 1s were performed. The chopper throw was 360 with a chop angle of 45
• anticlockwise from +R.A. The map centre position refers to S106 IR (R.A., Dec.)(J2000)= (20 h 27 m 26 s .74, 37
• 22 47 .9). The same area was covered three times while scanning in R.A., and two times in Dec. Procedures to determine the instrument alignment and telescope efficiencies, antenna temperature and atmospheric calibration, as well as the spectrometers used, are described in Heyminck et al. (2012) and Guan et al. (2012) . Tracking was done on the H-channel and the co-alignment between the H-and L2-channel is determined to be ∼2 . All line intensities are reported as main beam temperatures scaled with main-beam efficiencies of 0.69 and 0.68 for [O I] and CO, respectively, and a forward efficiency of 0.97. The main beam sizes are 15.3 for the L2 channel and 6.1 for the H channel.
The telluric [O I] line, originating from the mesosphere, contributes as a narrow feature at the velocity of the bulk emission of the cloud (approximately +3 km s −1 ). We corrected for the absorption following the procedure described in Appendix A in Leurini et al. (2015) , assuming that the profile can be characterized by a Gaussian. In summary, for the opacity correction the absorption strength was adjusted so as to achieve an adequate interpolation between adjacent unaffected spectral channels.
The calibrated [O I] and CO spectra were further reduced and analysed with the GILDAS software, developed and maintained by IRAM. From the spectra, a third-order baseline was removed Köln, in cooperation with the MPI für Sonnensystemforschung and the DLR Institut für Planetenforschung. and spectra were then averaged with 1/σ 2 weighting (baseline noise). The mean r.m.s. noise temperatures per 0.6 km s −1 velocity bin are 1.9 K for [O I] (6 beam) and 1.6 K for CO (15 beam). We estimate that the absolute calibration uncertainty is ∼20%.
For some overlays and PDR modelling, we use [C II] 158 µm and 12 CO 11→10 data observed with SOFIA from 2012 (Simon et al. 2012 ) and new observations from May 2015 and December 2016 (Simon et al., in prep.) .
Complementary data

IRAM 30m
We use molecular line data from the IRAM 2 30m telescope, obtained in January 2016 (PI: N. Schneider). The observations were performed with two settings, one with the high-resolution spectrometer FTS50 attached to the EMIR E0 receiver (at 3mm wavelength), and one with the lower resolution FTS200 in combination with EMIR E1 (at 1mm wavelength). A large number of molecular lines (∼20) was observed, covering a range from 85.3 to 106.1 GHz and from 89.8 to 110.5 GHz, respectively. We performed on-the-fly maps that consist of one horizontally and one vertically scanned map of size 300 at 3mm and 168 at 1mm (larger than is shown in Figure 1 ). The quality of the data is very good, thus only baselines of first order were removed. For the H 13 CO + 1→0 data we employ here, the average system temperature during the observations was 88 K and the average baseline rms for spectra smoothed to 15 angular resolution and with a velocity resolution of 0.17 km s −1 is 0.16 K.
Other instruments
For overlays and PDR modelling, we use published or archived continuum data from Herschel (70, 160, 250, 350, 500 µm) and FORCAST (19.7, 25.3, 31.5, 37 .1 µm) (Adams et al. 2015) , Spitzer (3.6, 4.5, 5.8, 8 .0 µm), MAMBO (1.2mm) (Motte et al. 2007 ), the VLA (Bally et al. 1983) , and Subaru (Oasa et al. 2006) . The flux uncertainties for the continuum data are ∼10% for PACS, SPIRE, and FORCAST, and ∼20% for MAMBO (see references above for these values).
Photodissociation region modelling
We employ the KOSMA-τ PDR model (Störzer et al. 1996; Röl-lig et al. 2006 ) to derive local physical conditions from the observed line intensities and continuum fluxes. In the following, we explain the model and our approach in more detail because this methodology will also be used for subsequent studies.
Model description
The KOSMA-τ PDR model numerically computes the energetic and chemical balance in a spherical cloud that is externally irradiated. We here use a non-clumpy model approach, i.e. a single, spherical PDR with a density gradient similar to a Bonnor-Ebert sphere, and a cloud mass of M = 100 M (the results depend only weakly on the model clump mass and we ran models with a parameter range between 10 −3 M and 10 3 M ). The full numerical computation scheme of KOSMA-τ involves three steps. First, the continuum radiative transfer code MCDRT (Szczerba et al. 1997 ) is used to compute the thermal balance of all dust components (see below) as well as the far-ultraviolet (FUV) radiative transfer within the model cloud, and the emergent continuum radiation . We include a variety of different dust models, for example the MRN model (Mathis et al. 1977 ) and the dust models by Weingartner & Draine (2001a) . By assuming that the dust temperature is independent of the gas temperature, we then use the MCDRT output as input for the second step where the KOSMA-τ code computes the chemical and physical state of the gas. In Fig. 3 we show as an example a comparison between the observed mid-IR and FIR data at the position 3b (offsets 5 ,-25 ) and the best fitting dust continuum model. We determined in this way the dust continuum at all positions (nine in total) where we performed PDR modelling. We assume a local chemical steady state, i.e. a balance between chemical formation and destruction processes of all involved species and compute their local densities and thermal equilibrium, i.e. a balance between all heating and cooling processes, resulting in local gas and dust temperatures. This is done for all radial grid positions in an iterative way to reach the numerical convergence criteria which is that the column density deviations between iterations are less than 1%. The result is the radial density and temperature profile of the model clump. In a last step the profile is used to perform the radiative transfer computations, giving the spectral line emission of the model cloud for comparison with observations (Gierens et al. 1992) . 3 We use the most recent CO self-shielding functions by Visser et al. (2009) and assume a Doppler line width according to the linewidth-size relation as given by Larson (1981) . The photoelectric heating is computed according to Weingartner & Draine (2001b) (model 4 from their Table 2 ). The formation of H 2 on grain surfaces follows Cazaux & Tielens (2002 , 2004 and formation on polyaromatic hydrocarbon (PAH) surfaces is suppressed. For more details see . In addition, we use the UMIST Database for Astrochemistry chemical network (McElroy et al. 2013 ) including all isotopic reaction variants in-cluding 13 C and/or 18 O isotopes . In total 3766 reactions are considered and the 227 species that are included in the chemistry are listed in Table A .1. Numerically problematic reaction rate coefficients have been rescaled according to Röllig (2011) . The formation of CH + and SH + is computed using state-to-state reaction rates (Agundez et al. 2010; Nagy et al. 2013 ). )/Σ FIR range . We note that we do not use here the total FIR intensity Σ FIR total , which is commonly used in PDR models (Stock et al. 2015 ) because we work with velocity resolved data. The parameter Σ FIR range is thus only the continuum intensity in one particular velocity range. We define five velocity intervals for the [C II] and [O I] emission as explained in Sect. 4. Observationally, however, we can only determine the total FIR intensity Σ FIR total obtained over all velocity ranges. For that, we derive Σ FIR total by numerically integrating the continuum data between 10 and 1000 µm, stemming from FORCAST 5 , Herschel, and MAMBO (see Sec. 2.2) using a linear interpolation. Figure 3 shows an example of this procedure. For the determination of Σ FIR range we then assume that gas and dust are well mixed and that the absolute [O I] 63 µm line integrated intensity in all velocity ranges is higher than that of [C II] and CO (which is the case in each velocity range for each observed/analysed position, see Table 2 ). With these two assumptions, the fraction of [O I] 4 All ratios are computed from intensities in erg s −1 cm −2 sr −1 . See Table 2 for conversion factors. 5 To convert the FORCAST data from MJy/pixel to MJy/sr we use the conversion factor 7.213 × 10 10 pixel/sr. line integrated intensity in one velocity range to that in the total velocity range is the same as the fraction of Σ FIR range to Σ FIR total . All maps are on the same angular resolution of 15 (also the mid-and FIR continuum data), except the CO 11→10 map, which has a resolution of ∼20 , and the Herschel/SPIRE 250 data, which have a resolution of 18 . In the following, we thus focus on the values for density and UV field obtained from the [CII] (Schneider et al. 2002 (Schneider et al. , 2003 , we define and label five distinct velocity ranges to characterize the velocity Fig. 5 . Spatially averaged spectrum of molecular and atomic lines (the spectral resolution is typically 0.2-0.6 km s −1 ). All spectra within the central area of 40 ×40 around S106 IR were included. Based upon the different spectral features, we define five major velocity ranges. The local standard of rest (lsr) velocity of the S106 molecular cloud is approximately -3 km s −1 .
Model fitting
Results
[O I] Spectral line map and average spectrum
distribution in S106. We note that the terms 'high-velocity' and 'outflow' used here are descriptive, comprising all gas dynamics (molecular and atomic) provoked by stellar feedback (radiation, wind, shocks). In the following sections, we single out the possible origin of each of the different observed features.
-High-velocity blue emission (HV-blue) 
Overview of [O I], [C II], and CO emission in S106
Because the line profiles of [O I] and other atomic and molecular line tracers are very complex and show a strong positional variation, we show the spectra for the positions where we performed PDR modelling in Fig. 7 , an [O I] channel map 6 As already discussed and shown in more detail in Schneider et al. (2003) , the dip seen in [O I], [C II], and 12 CO 2→1 spectra gets filled in with emission in the corresponding 13 CO 2→1 spectra. The ratio 12 CO/ 13 CO drops to values lower than 1 for this velocity range over a large area on the western side of S106 IR (see Fig. 8 in Schneider et al. 2003) . The lack of 12 CO (and [O I] and [C II]) emission around +3 km s −1 is thus due to absorption of these lines becoming optically thick in cold foreground material. This cold gas originates from a molecular clump, associated with the extended molecular cloud. N. Schneider et al.: Anatomy of the massive star-forming region S106 in contours overlaid on a map of 19 µm emission (FORCAST, Adams et al. 2015) . Positions for which we show individual spectra of various lines and report the line integrated intensities in Table 2 (in a 15 beam) are indicated with a cross and labelled 1 to 6. The angular resolution of the 19 µm emission and the [O I] beam are indicated in the panel. For comparison, the 15 resolution we used for PDR modelling is also given. Positions 1 to 6 do not always correspond to peaks in [O I] emission, but also to peak emission in high-and low-J CO lines (see text for details).
( Fig. 8) , and overlays of different tracers in the main velocity ranges (Appendix B). The spectra are extracted at the peak of emission in different line tracers in the respective velocity range and reflect different physical environments. They are indicated in Fig. 6 where we plot the overall line integrated [O I] emission as contours on a dust map at 19 µm (Adams et al. 2015) . This overlay indicates that the total [O I] emission correlates very well with the warm dust, while the most prominent peaks of [O I] emission (positions 2, 3a, 3b) are slightly shifted with regard to the peaks of 19 µm emission. The line integrated intensities and the total FIR continuum (used for PDR modelling) are listed in Table 2 . We note that positions 3a and 3b appear more than once in the table because there are peaks of emission in [O I] at different velocities.
High-velocity blue emission
The most prominent feature of the [O I] spectra is the highvelocity blue (HV-blue) emission that appears as a single component with an extended blue wing at temperatures up to 20 K at positions 1, 2, and 3c in Fig. 7 . The dip in emission at -9 km s −1 is most likely not caused by self-absorption because the [C II] line has a very similar emission profile (though it cannot be excluded that both lines are affected by self-absorption).
The channel map (Fig. 8) clearly shows how the HV-blue emission starts south-west of S106 IR at v=-20.6 km s −1 and then gradually develops a north-eastern component. Both peaks together are best visible at v=-12.6 km s −1 .
Blue outflow emission
The channel map shows how the northern and southern cavity lobes are outlined in [O I] emission in the blue outflow velocity range (panels -8.6 km s −1 to -4.6 km s −1 ). Position Pos 3c represents the peak of blue outflow emission in the CO 16→15 line, and Pos 4 is the peak position of the blue outflow in [O I] emission in the northern cavity.
Bulk emission
Generally, the bulk emission velocity range shows a very clumpy distribution around S106 IR (panels -2.6 and -0.6 km s −1 ). The 'hole' in the emission around S106 IR is partly caused by self-absorption, but also reflects a real lack of gas since all molecular line tracers show no emission (see Sec. 5.3). The [O I] spectra (Fig. 7) are very complex for this velocity range, showing mostly several components, which can be due to several PDR layers on clump surfaces along the line of sight and/or intrinsic self-absorption effects. Future observations of the more optically thin [O I] 145 µm line may help to decide between the different possibilities. The [O I] 145 µm/63 µm ratio determined from velocity unresolved data (Schneider et al. 2003; Stock et al. 2015 ) yield a value of 0.15-0.17, indicating that one or both of the lines is optically thick. We note that the molecular cloud velocity is -1 km s −1 , indicated by the 13 CO 2→1 line in (Fig. 7) , while the [O I] line has a centre velocity of typically -4 km s −1 . A very prominent peak of emission is found at position Pos 3b which arises from a single clump SW of S106 IR (position S106 FIR, location of the H 2 O maser), clearly visible in panel -2.6 km s −1 in the channel map. Position 5a represents the 'dark lane', which is strong in 13 CO emission and weaker in the atomic and high-J CO lines, and 5b is the NW peak of [O I] emission.
Red outflow
The velocity range from 0.5 to 8 km s −1 is strongly affected by absorption, basically all [O I] spectra show a dip between 1 and 3 km s −1 (see footnote on page 6). Significant emission is only found around v=8 km s −1 in the southern cavity at Pos 3a.
High-velocity red emission The [O I] emission at velocities higher than v=8 km s −1 is very different from the HV-blue emission; it is more diffuse and extends further away from S106 IR, mostly outlining the eastern cavity walls. Position 6 represents the [O I] peak in the northern cavity.
Shocks in S106
We did not detect the SiO (2→1) or (5→4) lines, classical tracers of stationary C-type (e.g. Schilke et al. 1997 , Gusdorf et al. 2008a ), J-type (e.g. Guillet et al. 2009 ), or non-stationary CJtype (e.g. Gusdorf et al. 2008b) shocks. However, the presence of shocks that can give rise to the [O I] emission observed at high blue and red velocities and at outflow velocities cannot be excluded. These non-detections could indeed mean that the shocks are either self-irradiated (see the study of shocks with radiative precursors by Hollenbach & McKee 1989) or externally irradiated (e.g. Lesaffre et al. 2013 ). In the latter case, the irradiation could come from the FUV field of the central protostars. In Article number, page 7 of 24 A&A proofs: manuscript no. s106_OI_final_02062018_32508 shocks where irradiation plays a significant role, SiO is expected to be converted to Si and Si + . These species can be observed through three transitions: the 3 P 1 -3 P 0 at 129.68 µm and the 3 P 2 -3 P 1 at 68.47 µm for the Si lines, and the 2 P 3/2 -2 P 1/2 at 34.82 µm. The ground-state Si transition at 129.68 µm has been marginally detected by Herschel-PACS, contrary to its excited counterpart at 68.47 µm. None of the Si lines has been detected by ISO in contrast to the Si + transition, which was observed. The presence of atomic and ionized silicon in the gas phase, combined with the detection of optical and near-infrared lines reported by Riera et al. (1989) , hints at the presence of irradiated shocks in the S106 region. Though we briefly discuss possible shocks in Sect. 5.1.1, a more sophisticated attempt to characterize their type and the role they play in the excitation of [O I] and [C II] lies out of the scope of the present study, and will be investigated in a separate publication. 
Analysis and discussion
Emission from different velocity ranges
In this section we qualitatively and quantitatively discuss the emission of the observed , respectively. The high-J CO lines (16→15 and 11→10) have higher excitation energies, ∼750 K and ∼365 K, and when the emission is purely thermal these lines probe hot gas associated with the PDR/molecular cloud layer at critical densities of 2 10 6 cm −3 and 4 10 5 cm −3 , respectively. Though we discuss a possible origin from shocks in the following subsections, we use the observed FIR line ratios and the FIR flux only for PDR modelling.
The observed line intensities in the different velocity ranges and the total line integrated intensity and the fraction of intensity are listed in Table 2 . All results from PDR modelling for the individual velocity ranges are summarized in Fig. 9 and Fig. 10 where we show the KOSMA-τ results for the [CII] 158µm /[OI] 63µm and CO(16-15)/CO(11-10) line ratios as iso-contours. Dashed lines show contours of constant FUV fields, while black contours represent lines of constant density. In Table 3 and 4 we summarize the observed ratios and give the model parameters corresponding to their position in the diagnostic Figs. 9 and 10.
Using the observed line ratios as diagnostics for PDR modelling involves several caveats which need to be kept in mind. Firstly, we use a non-clumpy PDR model because a more sophisticated set-up, as was used when studying the Orion Bar (Andree-Labsch et al. 2017) , is beyond the scope of this paper. Secondly, the [O I] 63 µm line and to a lesser extent the [C II] 158 µm line are affected by self-absorption. This becomes obvious in the line profiles (Fig. 7) , and is indicated by the low [O I] 145 µm/63 µm ratio of < 0.2 (Schneider et al. 2003; Stock et al. 2015) . If the [O I] 63 µm line is only moderately optically thick (τ ∼1-2), Liseau et al. (2006) showed that self-absorption is responsible for the low ratio. We thus additionally constrained the PDR models using an [O I] intensity for all velocity ranges that is a factor 2, 4, and 10 higher. This is only a first approximation, but it allows us to estimate how the density and the radiation field change with varying [O I] line intensity. Using a much higher [O I] intensity (4 and 10 times the observed value) results in higher densities (typically 10 5−6 cm −3 ) for all positions but in a much lower radiation field (typically χ ∼10 2−3 ). Such a low radiation field is not supported by observations; for example, we determine from Herschel flux measurements (see Sec. 5.2) a value of χ ∼(2-4) 10 4 as a lower limit. We thus only use the results of a PDR model with the nominal [O I] intensity, and one that is a factor of 2 higher (given in Cols. 7 and 8 in Tables 3 and 4 in parentheses.) 
High-velocity blue and red range
The HV-blue (v<-9 km s −1 ) [O I] emission is spatially concentrated in two regions north-east (Pos 1) and south-west (Pos 2) of S106 IR (Fig. 11) . Position 1 is correlated with a 19 µm dust peak, and Pos 2 is located very close to S106 IR. It is remarkable that at Pos 1, the [O I] emission at these high blue velocities contributes ∼50% of the whole line integrated emission at this position (see Table 2 ). The [O I] HV-blue emission corresponds well to the [C II] emission distribution (Fig. B.1 in Appendix B), though the latter is more extended and outlines the cavity better. The 12 CO 2→1 emission in this velocity range (Fig. B .1 in Appendix B) traces the molecular outflow and the cold gas of the dark lane, but is probably more affected by beam dilution (11 resolution with respect to 6 for [O I]). The 12 CO 16→15 and 11→10 lines show only very weak emission at some positions (Fig. 7) .
The HV-red (v>8 km s −1 ) [O I] emission is more dispersed and has two peaks along the eastern limb-brightened cavity wall, and a northern peak that is not correlated with the dust. While the overall [C II] emission in this velocity range corresponds well with [O I], the 12 CO 2→1 line is only visible at the position of the northern clump (Fig. B.5) .
There are three possible explanations for the origin of the high-velocity blue and red [O I] emission: 1) disk wind in the context of an accretion shock, 2) shocks caused by the stellar wind hitting the inside of the dark lane, or 3) classical PDR emission from the inner surface of the dark lane. Further details of each possibility are given below:
1. An accretion shock can occur because S106 IR is surrounded by a disk-like structure. However, considering the distance of less than 0.2 AU between the two stars, the existence of a circumbinary disk is very unlikely; it is probably only one disk or its remains that were seen in cm-interferometry. Adopting what is known for low-mass stars (see Hartmann et al. 2016 for a review), accretion of material from the disk takes place in small-scale (sub-pc) flows along magnetic field lines (see e.g. Fig. 1 in Hartmann et al.) . The material has high free-fall velocities (of the order of several hundred km s −1 ), that then causes shocks at the stellar surface. However, the resulting shock heats the gas to very high temperatures (∼10 6 K), which emission is indeed very collimated and would fit into this scenario of an atomic jet, emanating from the disk-envelope-star system. The projected velocity (towards the observer) is v lsr ∼25 km s −1 , so that the real velocity is v = v lsr / sin(α), where α is the inclination angle of the ionized lobes. Hippelein & Münch (1981) and Solf & Carsenty (1982) determined the angle to be around 15
• so that the velocity is approximately 100 km s −1 and thus consistent with high-velocity dissociative J-type shocks (see Hollenbach 1985; Hollenbach & McKee 1989 for theory, and Nisini et al. (2015) ; Leurini et al. (2015) for observations). However, there are two arguments against this shock scenario on a sub-pc scale. Firstly, the HV-red [O I] emission is not collimated in the same way as the HV-blue (Fig. 11 ) which would be expected in the case of a symmetric atomic jet. Moreover, the emission is much more extended (up to several parsecs) and correlates well with the cavity walls. Secondly, the CO 16→15 line as a typical J-type shock tracer has a very low line intensity (Table 2) in this velocity range and is only visible as an extended wing (Fig. 7) .
2. S106 IR consists of an OB star system that has a strong stellar wind of around 200 km s −1 (Hippelein & Münch 1981) . The wind is a source of high kinetic energy and develops a shock when it expands into the ambient medium, in this case hitting the inner part of the dark lane and the molecular cloud fragments close to S106 IR. The shocked gas can then cool via the [O I] 63 µm line. Table 2 ). For Pos 6, we derive a density of n∼2 10 6 cm −3 for both original and increased [O I] intensity, but the radiation field with a value of χ=10 6 is uncharacteristically high. On first sight, it is puzzling that in the high-velocity blue range we observe strong [O I] emission but nearly no CO 16→15 emission, even though the two lines have similar critical densities. Because CO 16→15 has a higher excitation temperature (750 K) than [O I] (228 K), and emits much less prominently in this velocity range, we assume that this high-velocity gas is not strongly heated and consists only of gas with high densities (>10 6 cm −3 ) at T∼300 K. The CO 16→15 line is then mostly subthermally excited.
Outflow blue and red [O I] emission
The [O I] emission in the blue and red outflow velocity range (-9 to -4 km s −1 and 0.5 to 8 km s −1 , respectively) outlines precisely the cavity of the bipolar nebula, illustrated in Fig. 12 , which shows [O I] contours overlaid on a cm VLA image (Bally et al. 1983) , and in Fig. B.2 . The cm emission delineates the H II region but avoids the dark lane. Bally et al. (1983) argue that the density in the lane is so high that all ionizing radiation is absorbed (see Sec. 5.3). Similar to the [C II] emission distribution (Simon et al. 2012) , the red [O I] outflow emission is absent in the northern lobe. Both [O I] and [C II] red outflow emission thus stem mostly from swept-up gas of the cavity walls from the backside of the southern lobe (since the front side does no longer exists). In addition, we observe limb-brightened emission at the cavity walls and, closer to S106 IR, the [O I] emission in the blue outflow range is also correlated with the clump containing S106 FIR. What is causing the gas dynamics is not clear. The stellar wind of S106 IR can provoke shocks when it hits (mechanically) the cavity walls. However, the radiation of S106 IR ionizes the interface layer between the H II region and the molecular cloud and creates a classical PDR. A mixed scenario involving 'irradiated shocks' (Lesaffre et al. 2013 ) and/or 'moving PDRs' (Störzer & Hollenbach 1998 ) is also possible. From our modelling, we obtain average densities at the three cavity positions (3a,b and 4) [C II] line ratio leads us to conclude that a significant amount of [C II] also emerges from the ionized gas phase (Heiles 1994 ). This is not the case for S106.
In contrast to [O I], the emission distribution of the CO 16→15 line (Fig. 13 ) in this velocity range shows a strong spatial correlation with the 'dark lane', peaking at position 3c, which shows the highest values of CO 16→15 emission (Table 2) . Figure B .2 shows that the peak of emission in the low-J CO lines ( 12 CO and 13 CO 2→1) is slightly shifted towards S106 IR. Because the lane appears prominently in the optical image as a dark feature and consists of cold gas (see SHARC image, Fig. 14, and overlays with the low-J CO lines, Fig. B.2) , the CO 16→15 emission can only arise from a PDR layer of warm and dense gas on the backside of the lane towards S106 IR. The rather low line velocities and small line width argue against a high-velocity shock origin of the high-J CO emission, but lowvelocity shocks cannot be excluded. From PDR modelling, using the CO 16→15/11→10 ratio at position 3c, we derive a density of 5.6 10 4 cm −3 and a radiation field of χ=7.4 10 4 . For the red outflow velocity range (0.5 to 8 km s −1 ) all lines with high excitation temperature and high critical density ([O I], [C II], CO 16→15) show a similar emission distribution (Fig. B.4) with an extended clump south of S106 IR. This velocity range is affected by absorption so that the derived line intensities and ratios are not reliable and we do not use those for PDR modelling.
Summarizing, we interpret the emission in the outflow velocity ranges for all lines as arising from PDR surfaces of heated and UV illuminated clumps around S106 IR, of ablated gas from the cavity walls, and from a PDR surface on the backside of the dark lane.
Bulk emission
The velocity range from -4 to 0.5 km s −1 is dominated by widespread but clumpy [O I] emission (see channel map, Fig. 8 ) in which the area around S106 IR is mostly devoid of emission (best visible in panel v=-0.6 km s −1 ). The most prominent clump is the western one associated with S106 FIR. Two other clumps north-west and south of S106 IR (Fig. B.3 ) are also clearly defined, and the overall emission distribution corresponds very well with that of [C II] in this velocity range (Fig. B.3) . The peaks of emission in the low-J CO lines and CO 16→15 emission are close to the dark lane and at the position of S106 FIR (Fig. 14  and B. 3). The CO 16→15 peak corresponds to Pos 5a, the NW peak of [O I] emission to Pos 5b, and the western [O I] peak to Pos 3b, i.e. the continuum source S106 FIR (Richer et al. 1993; Little et al. 1995) , possibly a low-or high-mass Class 0 YSO. The absolute line intensities of [O I] and [C II] emission are high and the line fractional emission is 20-40%, indicating that these lines are the most important cooling lines for this portion of the gas. The CO 16→15 line is less strong at these positions (in contrast to the CO 11→10 line) and excited only in the outermost surface PDR layer of the dark lane facing S106 IR. Because the density and radiation field are not very high (see below), it is a fair assumption that this line is subthermally excited. From PDR modelling, we derive a density of 1.1 (1.6) 10 4 cm −3
(from the [C II]/[O I] and CO ratios, respectively), and a radiation field of χ=1.1 (2.1) 10 4 for Pos 5a, i.e. the CO 16→15 peak at the inner working surface of the dark lane. The density and radiation field (n=3.0 10 4 cm −3 and χ=2.7 10 4 ) are similar at the position of the NW [O I] peak. S106 FIR shows peak emission in hot dust, but the gas density and radiation field is not elevated, i.e. n∼2 10 4 cm −3 and χ ∼2.5 10 4 . As for the blue and red outflow velocity range, the density and radiation field do not change significantly when the [O I] intensity is increased in the PDR model.
In summary, the [O I] emission in this velocity range seems to arise from the inner cavity walls in combination with PDR surfaces of individual clumps located within the cavity, close to S106 IR.
Comparison between SOFIA results and earlier studies
This is the first time that a spectrally resolved map of the [O I] 63 µm FIR cooling line is available for S106. A [C II] 158 µm map obtained with GREAT on SOFIA was presented by Simon et al. (2012) . Other observations (not spectrally resolved) of the [C II] and [O I] lines with the Infrared Space Observatory (ISO), the Kuiper Airborne Observatory (KAO), and Herschel were reported by van den Ancker et al. (2000); Schneider et al. (2003) ; Stock et al. (2015) , respectively. These studies, however, have a much lower angular resolution (40 to 80 ) and thus contain the different physical regimes in S106 (H II region, molecular cloud bulk emission, cavity, etc.) in one beam 7 . Nevertheless, all studies agree that there are different gas phases with at least two temperature regimes. Schneider et al. (2003) proposed a two-phase gas model with small (<0.2 pc) high-density (n=3 10 5 cm −3 to 5 10 6 cm −3 ) clumps with high surface temperature (T∼200-500 Stock et al. (2015) .
K) embedded in lower density (n∼10 4 cm −3 ) gas. The radiation field in these two regimes is χ ∼10 5 and χ ∼10 3 , respectively. Stock et al. (2015) , based on their PACS and SPIRE Herschel study, support this scenario. They find a two-phase regime with a hot (T∼400 K) region characterized by a high radiation field (χ >10 5 ) and high density (n>10 5 cm −3 ), based on CO rotational temperatures, and a less dense region (n∼10 4 cm −3 ) with moderate UV field (χ ∼10 4 ) and a temperature of around 300 K, dominating the emission of the atomic cooling lines. They argue that a third PDR gas phase may be present with very high temperatures/radiation field and densities to explain their excess emission in the CO rotational ladder for the highest-J CO lines (J>20). From fitting the high-J CO lines within a PDR model, they obtain a radiation field of χ ∼10 5 and densities of 10 8 cm −3 . The assumption of such high densities is somewhat problematic as they are not observed in any other way, thus excitation by shocks can also be the reason for the strong CO emission. However, the contribution of shocks is not clear. van den Ancker et al. (2000) and Stock et al. (2015) estimate that their contribution is small, while Noel et al. (2005) attribute their H 2 observations to shocks. In a subsequent paper on S106, we will apply irradiated shock models and investigate whether they reproduce our observed line intensities and ratios more closely.
In this study, we explain the observed [O I], [C II] , and CO line ratios with a PDR model of a single gas phase with densities of a few 10 4 cm −3 , exposed to a radiation field χ of a few 10 4 . This would be consistent with the lower density PDR component that was found by Schneider et al. (2003) and Stock et al. (2015) . If we consider self-absorption of the [O I] line and approximate the missing emission by doubling the [O I] intensity, we find that the HV-blue and HV-red emission has its origin in much denser gas of n∼10 6 cm −3 , but with a similar radiation field 8 of χ=2-3 10 4 . This can correspond to the high-density gas component found by van den Ancker et al. (2000) ; Schneider et al. (2003) ; Stock et al. (2015) . Because they are velocity unresolved observations, it was not possible to attribute one gas component to a certain velocity range. Our data now point toward a possible scenario in which the FIR line emission in the outflow and bulk velocity ranges arises from PDRs at lower density (a few 10 4 cm −3 ) exposed to a radiation field of a few χ=10 4 , while the high-density gas component is only found at the high blue and red velocities. This finding emphasizes the importance of velocity resolved observations of [O I], [C II] , and high-J CO lines.
Our findings also show that we do not need to invoke a third, very high-density gas phase (Stock et al.) nor a high-temperature two-gas phase regime (at T∼300 K and T∼700 K) as was needed to model outflow emission from low-mass protostars (Kristensen et al. 2017) . It was shown by dust observations in the mm-wavelength range (Vallée & Fiege 2005; Motte et al. 2007) , in the mid-IR with FORCAST (Adams et al. 2015) , and in the FIR with SHARC (Simon et al. 2012 ) at 350 µm, that the dark lane east of S106 IR is a high column-density feature (see Fig. 14 for the SHARC 350 µm map). From a column density map derived from a SED fit to the 160 to 500 µm flux maps of Herschel (Schneider et al. 8 An independent measure of the radiation field is to use the Herschel fluxes at 70 and 160 µm (see e.g. Schneider et al. 2016) . With this method, we obtained a field of typically χ=2-4 10 4 or S106.
A&A proofs: manuscript no. s106_OI_final_02062018_32508 2016), we obtain an average column density 9 of 4.5 10 22 cm −2 , a total mass of 275 M , and an average density of 3 10 4 cm −3 for the lane. Our IRAM 30m observations of H 13 CO + 1→0 reveal the dynamics of the dark lane more precisely than earlier 12 CO and 13 CO data of the region (Schneider et al. 2002) . Figure 15 shows a channel map of H 13 CO + 1→0 emission in the velocity range between -1.3 km s −1 and -3.2 km s −1 overlaid on the Subaru IR image (Fig 1) . The emission distribution has a close link to S106 IR. It starts as a more widespread emission around -1.3 km s −1 with two lobes of emission and develops into a single feature between -2.3 and -3.2 km s −1 . The peak of emission moves gradually from a position further away north-east of S106 IR at -1.8 km s −1 to a peak close to S106 IR at -3.2 km s −1 . This velocity distribution is thus consistent with two possible geometries that we illustrate in Fig. 16 . Either the far end of the lane is slightly tilted away from the observer and the gas flows towards S106 IR (the accretion flow scenario, in green in Fig. 16 ) or the far end of lane is oriented towards the observer and the gas is streaming off the lane (the dispersal scenario, in blue in Fig. 16 ) 10 . In both scenarios, the lane is located in front of the H II region because it is clearly visible as a dark feature in front of a bright H II region (e.g. Fig. 15 ). While this is straightforward to understand in the dispersal scenario because the lane is inclined towards the observer, the flow scenario requires that the lane should be only slightly tilted away from the observer so that it can wrap around the equatorial plane of the hourglass-shaped H II region, but still be located in front of the ionized gas phase.
The dispersal scenario was originally proposed by Hodapp & Rayner (1991) . They explain the bipolar H II region as arising from an anisotropic circumstellar wind, absorbing the ionizing radiation in the equatorial plane, and postulate that the single massive star S106 IR must be in a mass-loss evolutionary state and not in an accretion phase. However, such a scenario requires an energy transfer of the stellar wind onto the dense and cold gas deep in the dark lane. We observe in [O I] and [C II] high-velocity gas around -30 km s −1 that stems from PDRs and possibly shocks, caused by the stellar wind and radiation hitting the inner working surface of the dark lane. However, the cold gas within the dark lane occurs around the bulk emission of the cloud, from -1 to -3 km s −1 , and is thus decoupled from the high-velocity gas phase.
In contrast, an accretion flow scenario 11 was proposed by Bally et al. (1983) based on their VLA 5 GHz data (see Fig. 12 ). The area just around S106 IR shows only very weak 5 GHz radio emission, indicating the absence of ionized gas (because the 5 GHz emission is not attenuated by dust). The gas at very high densities is then able to absorb the emitted ionizing radiation. Our data show that the lane can be a flow that is illuminated by S106 IR.
Both scenarios were also proposed in Balsara et al. (2001) , based upon interferometric 13 CO observations. They emphasize the importance of the magnetic field that can channel material in filamentary structures onto the highest gravitational potential well. The magnetic field was found to run parallel to the dark lane (Vallée & Fiege 2005) , thus consistent with an inflow of gas. A number of recent observational studies support this dynamic scenario (e.g. Schneider et al. 2010; Kirk et al. 2013; Peretto et al. 2013; Rayner et al. 2017) . Despite the higher angular resolution of their 13 CO data compared to our H 13 CO + data at 30 resolution, it is not possible to discriminate between the two views, mostly because a low-J 13 CO line is not the best tracer for dense gas. It is also not possible to tell whether accretion is still occurring. Interferometric observations are required with a high-velocity resolution of high-density tracers such as H 13 CO + , H 13 CN, and in particular N 2 H + (a probe for cold dense gas). This sort of observation would enable us to study the velocity structure of the dark lane and to explore the immediate environment around S106 IR.
Assuming that we indeed observe a flow towards S106 IR, the projected length l of the flow is roughly 2.2 , corresponding to ∼1 pc at a distance of 1.3 kpc. The velocity difference ∆v along the flow, determined from the H 13 CO + map, is ∼1.4 km s −1 . We assume a random distribution of orientation angles and thus an average angle of the flow to the line of sight of 57.3
• so that the lifetime t of the flow calculates as t = l/(∆v tan(57.3)). The lifetime is then approximately 1.1 10 6 yr, leading to a mass input rate of 2.5 10 −4 M /yr (using the Herschel determined mass of the lane). This rate is lower than that found for the massive subfilaments of the DR21 ridge (a few 10 −3 M /yr, Schneider et al. 2010 ), but similar to that observed for Mon R2 (a few 10 −4 M /yr, Rayner et al. 2017) . We note, however, that this is a very crude approximation, and does not consider the true inclination and bending of the flow.
The flow scenario is consistent with simulations of Peters et al. (2010a,b) who modelled the collapse of rotating, massive cloud cores including radiative heating by both non-ionizing and ionizing radiation. The simulations show fragmentation from gravitational instability in the dense accretion flows in which either a single massive star is formed or several massive stars with many low-mass stars within the regions of the accretion flows. Because there is competition of mass, but not in the classical meaning of 'competitive accretion' (Bate 2012; Bonnell 2007) , they named this process 'fragmentation-induced starvation'. The simulations (Peters et al. 2010b ) also show the non-uniform expansion of H II regions with the formation of bipolar lobes, very similar to what is observed for S106. The bipolar outflow structure of the H II region visible at early time steps of their runs A (single sink) and B (multiple sinks) reflects qualitatively what is seen for S106. From what is known so far, S106 IR is a binary system (Comerón et al. 2018) and is associated with a large cluster of low-mass stars, detected in the IR (Hodapp & Rayner 1991) . In addition, several dense pre-stellar cores have formed in the dark lane (S20 to S24 in Motte et al. 2007 ), indicating ongoing fragmentation.
In the scenario of the dark lane as an ionized accretion flow in the fragmentation-induced starvation model, the observed emission distribution of [O I], [C II] , and other tracers fit very well. In particular the high-velocity blue emission is consistent with gas that moves downward perpendicularly to the accretion flow, down the steepest density gradient. This causes the very focused emission seen in various tracers (Fig. 11 and B.1) . Interestingly, the very complex morphology and velocity distribution of jets and outflowing gas -as we observe it for S106 -is well reproduced in the models of Kuruwita et al. (2017) . They produced simulations of the outflow pattern of close (separation <10 AU) and wide (>10 AU) binaries and showed that the geometry and velocity of the jets and outflows are strongly modified with respect to a single star.
Summary: a scenario for S106 IR
Summarizing our observational results and what is already known about S106, we develop the following scenario: S106 IR is a binary system with two stars that are sources of a strong UV field and stellar wind. The very small disk-like structure that was detected in cm-interferometry can be an intact accretion disk that is connected to a large-scale accretion flow, known as the dark lane or the remains of a disk without a link to the dark lane. The lane is illuminated by the more massive star of the system, presumably an O9 star with 20 M (the companion has a preliminary classification as a B8 star with ∼3 M ; Comerón et al. 2018) , and forms a dense hot PDR that cools mostly via [O I] 63 µm and CO 16→15 emission. The PDR gas is highly dynamic; it flows fast and follows the steepest density gradients of the dark lane, and 'escapes' the lane close to S106 IR, giving rise to the very collimated emission distribution in the [O I] lines at velocities from -30 to -9 km s −1 and 8 to 25 km s −1 . We obtain a radiation field of χ=2-7 10 4 at a density of 1. emission by a factor of 2, we obtain that the densities in the HV emission ranges increase up to 10 6 cm −3 , which is more consistent with earlier findings (Schneider et al. 2003; Stock et al. 2015) . If the emission in this velocity range could also arise from a shock (disk-envelope interaction and/or radiation and stellar wind hitting locally the dark lane) cannot yet be answered and will be addressed in an upcoming study.
The gas in the blue and red outflow velocity ranges (from -9 to -4 km s −1 and 8 to 25 km s −1 ) has a very similar emission distribution compared to the optical visible lobes. The [O I] (and [C II]) emission distributions at the blue and red velocities indicate that the emission mostly arises from the back side of the southern lobe and the front side of the northern lobe. The outflow gas is entrained in the wind of S106 IR and ablated by radiation (and possibly shocks) from the cavity walls. PDR modelling gives densities typically of a few 10 4 cm −3 at a radiation field of χ a few 10 4 . The low value for the density indicates that the CO 16→15 line is most likely subthermally excited.
Molecular cloud clumps and possibly fragments of what once was the larger-scale circumbinary disk around S106 IR are seen in the close environment of the star. These clumps form PDRs on their surfaces (the most prominent one is the western clump) that emit in all lines at the cloud bulk velocity around -3 km s −1 . The clumps are exposed to a radiation field χ of a ∼2 10 4 and the density is ∼2 10 4 cm −3 . S106 IR and its bipolar H II region are embedded in a larger molecular cloud that provides the gas reservoir for a possible accretion flow onto S106 IR. Mapping of the high-density tracer H 13 CO + 1→0 revealed a velocity gradient across the dark lane that is consistent with either a flow onto S106 IR or gas streaming away, depending on the geometry of the region. Only interferometric observations can elucidate the nature of the dark lane. The flow scenario is more consistent with the fragmentationinduced starvation scenario of Peters et al. (2010a,b) than with the monolithic collapse model of McKee & Tan (2002) . As yet unclear is whether shocks driven by the ionizing stellar wind that hits the accretion flow and the cavity walls can also cause the observed emission of the FIR lines. 
